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(57) ABSTRACT 

Described is a Semiconductor device having a Silicon oxide 
(Sio) film into which nitrogen atoms, in a range between 
approximately 2x10' atoms/cm or more and 2x10 atoms/ 
cm or less, are introduced, used as an insulator film in the 
Semiconductor device. For example, the device can be a 
nonvolatile memory device, and the Silicon oxide film can be 
used as an insulator film between, e.g., a floating gate 
electrode and control gate electrode of the nonvolatile 
memory device. Stable operations and a retention capability 
of a nonvolatile memory device are obtained even if the 
nonvolatile memory device is Scaled. Moreover, a program 
ming Voltage can be lowered. Also described are methods of 
fabricating the Semiconductor device. 
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SEMCONDUCTOR DEVICE HAVING 
NONVOLATILE MEMORY AND METHOD OF 

MANUFACTURING THEREOF 

BACKGROUND OF THE INVENTION 

0001. The present invention relates to a semiconductor 
device, particularly to an art to be effectively applied to a 
Semiconductor device comprising a nonvolatile memory 
device including an insulator film formed between a floating 
gate electrode and a control gate electrode. The present 
invention is especially directed to a nonvolatile memory 
(including, e.g., Stacked type memories, or split type memo 
ries, or Stacked type memories optionally having an erase 
gate in addition to the control and floating gates, or split type 
memories optionally having an erase gate in addition to the 
control and floating gates, with insulator films between the 
various gates), Such as a flash memory. 
0002. A semiconductor device uses a nonvolatile 
memory device referred to as a flash memory. Because the 
flash memory is Superior in portability and impact resistance 
and electrically allows on-board bulk erasing, it is antici 
pated as a file memory of a future compact portable data 
unit. 

0003. The flash memory is provided with a memory cell 
array Section constituted by arranging a plurality of memory 
cells using a nonvolatile memory device as a memory unit 
like a matrix. The nonvolatile memory device is constituted 
on the Surface of a Semiconductor Substrate made of, e.g., 
Single crystalline Silicon. 
0004. The above nonvolatile memory device mainly 
comprises a Semiconductor Substrate Serving as a channel 
region, a first gate dielectric film, a floating gate electrode, 
a Second gate dielectric film, a control gate electrode, and a 
pair of Semiconductor regions Serving as a Source region and 
a drain region (also referred to as impurity diffusion layers). 
The nonvolatile memory device injects electrons into the 
floating gate electrode of the Semiconductor Substrate by 
applying a positive Voltage to the control gate electrode of 
the semiconductor substrate, and stores one-bit data (“038 or 
“1”) in accordance with the difference in the threshold 
Voltages of memory cell transistors. Moreover, the first gate 
dielectric film denotes a tunnel dielectric film formed 
between the Semiconductor Substrate and the floating gate 
electrode. Furthermore, the Second gate dielectric film 
denotes, e.g., an interpoly dielectric film formed between the 
floating gate electrode and the control gate electrode. 
0005. In the case of the nonvolatile memory device, the 
floating gate electrode and the control gate electrode are 
each respectively formed from a polycrystalline Silicon film, 
and the first gate dielectric film and the Second gate dielec 
tric film are respectively formed from a silicon oxide (SiO2) 
film. A Silicon oxide film Serving as the first gate dielectric 
film is formed by applying thermal oxidation to the Surface 
of a Semiconductor Substrate made of Single crystalline 
Silicon, and a Silicon oxide film Serving as the Second gate 
dielectric film is formed by applying thermal oxidation to 
the Surface of a floating gate electrode made of a polycrys 
talline silicon film. 

0006 The silicon oxide film formed on the surface of the 
floating gate electrode made of the polycrystalline Silicon 
film has a low breakdown voltage and is inferior in retention 
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capability compared to a Silicon oxide film formed on the 
Surface of a Semiconductor Substrate made of Single-crystal 
silicon. Therefore, in the case of flash memories of 4 Mbit 
onward, as the Second gate dielectric film there is formed, in 
place of the Single-layer Silicon oxide film, a composite film, 
so-called an ONO (Oxide/Nitride/Oxide) film, obtained by 
Superimposing a silicon oxide film, a Silicon nitride (SiN.) 
film, and a Silicon oxide film in order on the floating gate 
electrode. This is because, when film thicknesses in terms of 
a silicon oxide film are the same, an ONO film has a small 
leakage current compared with a Silicon oxide film. This art 
is discussed in “IEEE Transaction on Electron Devices, 
38(1991) pp. 386-391”. 

SUMMARY OF THE INVENTION 

0007. However, as the integration of a flash memory is 
improved, new problems occur when using an ONO film as 
the second gate dielectric film. One of the problems is that 
the process temperature following Scaling of a nonvolatile 
memory device lowers. The ONO film is normally formed 
by thermally oxidizing the Surface of a floating gate elec 
trode made of a polycrystalline Silicon film and thereby 
forming a lower Silicon oxide film, then forming a Silicon 
nitride film on the bottom silicon oxide film by a Low 
Pressure Chemical Vapor Deposition (LPCVD) process, and 
finally thermally oxidizing the Surface of the Silicon nitride 
film and thereby forming a top silicon oxide film. However, 
because oxidation of the Silicon nitride film requires a high 
temperature of 900 C. or higher, it is difficult to form a 
shallow junction indispensable for Scaling of an LSI (Large 
Scale Integrated Circuit), when forming a Source region and 
a drain region and thereafter forming the Second gate 
dielectric film, and this is a factor for interrupting improve 
ment in the integration of a flash memory. 
0008 According to only the thermal oxidation process 
described above, it is possible to form a Second gate dielec 
tric film, of a single-layer Silicon oxide film, even at a low 
temperature of approximately 800° C. However, this process 
has the problems that the thickness of a silicon oxide film 
decreases at the top end of the Side wall of a floating gate 
electrode as the oxidation temperature is lowered, concen 
tration of electric fields becomes remarkable at this portion, 
and leakage current increases. Moreover, an art is proposed 
in which a single-layer Silicon oxide film is formed at a low 
temperature of approximately 750 C. by the LPCVD pro 
ceSS, instead of the thermal oxidation process, to use the film 
as the Second gate dielectric film of a nonvolatile memory 
device. By using the LPCVD process, it is possible to 
decrease the leakage current of a Silicon oxide film com 
pared to the case of using the thermal oxidation process. 
However, the effect of the LPCVD process is not enough and 
it is practically difficult to apply the process to a nonvolatile 
memory device. 
0009. Another problem is to decrease the thickness of the 
Second gate dielectric film. A voltage Vfg to be applied to a 
floating gate electrode for the programming/erasing opera 
tion of a nonvolatile memory device is shown by the 
following expression (1). 
0010 Numerical formula 1 

Vfg=C.V.cgf(C+C) (1) 

0011. In the above expression, Vcg denotes a voltage 
applied to a control gate electrode, C denotes the capaci 



US 2001/0040252A1 

tance of a first gate dielectric film, and C denotes the 
capacitance of a Second gate dielectric film. To efficiently 
Supply the Voltage, applied to the control gate electrode, to 
the floating gate electrode and lower a programming Volt 
age, it is effective to decrease the thickness of the Second 
gate dielectric film and increase C. However, a conven 
tional ONO film has a problem that electric charges accu 
mulated in a floating gate electrode leak to a control gate 
electrode, that is, retention failure is actualized if thicknesses 
of top and bottom Silicon oxide films are set to 5 nm or less. 
Moreover, to form the top silicon oxide film up to a 
thickness of 5 nm, it is necessary to form a Silicon nitride 
film with a thickness of 10 nm or more in order to prevent 
the bottom polycrystalline Silicon film, Serving as a floating 
gate electrode, from oxidizing. Therefore, approximately 15 
nm is a lower limit to the thickness of an ONO film in terms 
of a silicon oxide film. Because it is presently difficult to 
decrease the thickness of a first gate dielectric film, it is 
expected that a new Second-gate-dielectric-film forming 
proceSS is developed. 
0012. It is an object of the present invention to provide a 
Semiconductor device (e.g., a nonvolatile memory device) 
having a gate dielectric film with a Small leakage current at 
a low temperature, compared to a conventional ONO film, 
and having a stable operation and a Sufficient retention 
capability even for Smaller size (higher integration), and a 
method of manufacturing this Semiconductor device. 
0013. It is another object of the present invention to 
provide a semiconductor device (e.g., a nonvolatile memory 
device, Such as a flash memory) having two gate electrodes 
with an insulating film therebetween (e.g., floating and 
control gate electrodes, with an insulating film therebe 
tween), wherein this insulating film has only a Small leakage 
current, and a method of manufacturing this Semiconductor 
device. 

0.014) Moreover, it is another object of the present inven 
tion to provide an art making it possible to form a thin gate 
dielectric film compared to the case of using a conventional 
ONO film, and lower a programming Voltage. 
0.015 The above problems are solved by using a silicon 
oxide film or a composite film of a Silicon oxide film and a 
Silicon nitride film as a Second gate dielectric film and 
introducing nitrogen into the Silicon oxide film So that the 
maximum nitrogen atomic concentration in the Silicon oxide 
film reaches approximately 2x10' atoms/cm or higher. 
Moreover, it is more preferable that the maximum nitrogen 
atomic concentration in the Silicon oxide film is approxi 
mately 2x10' atoms/cm or less. Furthermore, by setting 
the maximum hydrogen atomic concentration in the Silicon 
oxide film to 5x10' atoms/cm or less, better advantage is 
obtained. 

0016 A semiconductor device of the present invention is 
characterized by having a Silicon oxide film between a first 
Silicon film (e.g., first polycrystalline Silicon film) and a 
Second Silicon film (e.g., Second polycrystalline Silicon film) 
above the first Silicon film, introducing nitrogen into the 
Silicon oxide film, and keeping the maximum nitrogen 
atomic concentration in the Silicon oxide film at approxi 
mately 2x10' atoms/cm or higher, preferably approxi 
mately 2x10 atoms/cm or lower. When the semiconductor 
device has a nonvolatile memory device, the first Silicon film 
can correspond to a floating gate electrode, the Silicon oxide 
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film can correspond to a Second gate dielectric film, and the 
Second Silicon film can correspond to a control gate elec 
trode. In this case, n-type impurities Such as phosphorus (P) 
are generally introduced into the first Silicon film and the 
Second Silicon film respectively. By using the Silicon oxide 
film as the Second gate dielectric film, it is possible to realize 
a film thickness of 15 nm or less which cannot be realized 
for a conventional ONO film. 

0017. The above silicon oxide film is formed, illustra 
tively, by the LPCVD process using monosilane (SiH) and 
nitrogen monoxide (N2O) as Source gases. According to this 
process, it is possible to form a Silicon oxide film at a low 
temperature of 700° C. to 800° C. As described above, 
however, it is difficult to use a silicon oxide film formed by 
the LPCVD process directly as the second gate dielectric 
film of a nonvolatile memory device. This is because the 
Silicon oxide film has a large leakage current, and, when a 
power Supply is cut off and the nonvolatile memory device 
is left as it is after injecting electrons into a floating gate 
electrode, electrons accumulated in the floating gate elec 
trode leak to a control gate electrode and resultingly reten 
tion failure occurs. Moreover, because of a large leakage 
current, when injecting electrons into the floating gate 
electrode to boost the threshold of the nonvolatile memory 
device, problems also occur that the injected electrons go out 
to the control electrode Side, the threshold Voltage is not 
Sufficiently boosted, and the writing and erasing threshold 
windows cannot be Secured. AS the result of our study, it is 
clarified that the leakage current of the Silicon oxide film is 
caused by a defect referred to as an E' center present in the 
silicon oxide film. 

0018. The E’ center is described in the article by Y. 
Kamigaki, et al., “Reduced Poly-Si TFT Threshold Voltage 
Instability By High-Temperature Hydrogenation of a-Si 
Like Spin Centers', in the 33rd annual proceedings reliabil 
ity physics 1995, pages 12-17, the contents of which are 
incorporated herein by reference in their entirety. Briefly, the 
E’ center is Si-O; and this defect can be removed by 
annealing in the presence of nitrogen, whereby the nitrogen 
is incorporated in the Structure to form N-Si=Os, to get rid 
of the E center. 

0019. Therefore, in the case of the present invention, a 
leakage current is decreased by annealing a Silicon oxide 
film in an NH environment (e.g., atmosphere) and termi 
nating an E. center at nitrogen atoms. The leakage current of 
the Silicon oxide film is dependent on the nitrogen atomic 
concentration in the Silicon oxide film. To decrease leakage 
current, control retention failure, and moreover Secure a 
threshold Voltage window, it is necessary to keep the maxi 
mum nitrogen atomic concentration in the Silicon oxide film 
at approximately 2x10' atoms/cm or higher, preferably at 
2x10' atoms/cm or lower. In this case, less nitrogen atoms 
are present in a middle region of the Silicon oxide film than 
those in the top and bottom regions of the film. To obtain the 
above nitrogen atomic concentration, it is necessary to 
perform annealing in an NH environment (e.g., atmo 
sphere) in a temperature range of 750° C. to 900° C., 
preferably in a temperature range of 800° C. to 850 C. 
Therefore, it is possible to lower the temperature of the gate 
dielectric film forming process compared to the case of a 
conventional ONO film. Preferably, the annealing in a 
nitrogen-containing environment (e.g., an ammonia atmo 
sphere) is at a maximum temperature of 900 C.; at such 
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temperature in, e.g., the ammonia atmosphere, nitrogen can 
be incorporated in the Silicon oxide film in a maximum 
amount of 2x10' atoms/cm. The preferred maximum 
nitrogen concentration takes into account the annealing 
temperature. 

0020 Moreover, by keeping the maximum hydrogen 
atomic concentration in the silicon oxide film at 5x10' 
atoms/cm or lower, the present invention becomes more 
preferable. This is because hydrogen atoms present in the 
silicon oxide film form electron traps. When hydrogen atoms 
are present and a programming/erasing is performed, elec 
trons are accumulated in a Second gate dielectric film and the 
electrons accumulated in the gate dielectric film are dis 
charged to a control gate electrode because of the Subsequent 
leaving State and resultingly, retention failure occurs. To 
decrease the hydrogen atoms described above, it is necessary 
to perform wet oxidation for a short time at 800° C. to 900 
C., preferably at 850° C. 
0021 Moreover, the present invention becomes prefer 
able by controlling the nitrogen atomic concentration in a 
Silicon oxide film So that the concentration becomes lower in 
the top region of the Silicon oxide film (adjacent the control 
gate electrode) than in the bottom region of the film. This 
nitrogen atom distribution is achieved by performing the 
above wet oxidation. 

0022. The present invention is not restricted to semicon 
ductor devices having a nonvolatile memory device. For 
example, an advantage can be also obtained by applying the 
present invention to a semiconductor device having an MOS 
(Metal Oxide Semiconductor) transistor using one of the 
above first Silicon film and Second Silicon film as an active 
layer and the other of them as a gate electrode, and more 
over, using the above Silicon oxide film as a gate dielectric 
film (insulator film formed between the active layer and the 
gate electrode). The MOS transistor includes a load MOS 
transistor used for a memory cell of an SRAM (Static 
Random Access Memory) and a switching MOS transistor 
used for a liquid crystal display. 
0023. Furthermore, an advantage is obtained by applying 
the present invention to a Semiconductor device having a 
capacitor using the first Silicon film as a bottom electrode, 
the Second Silicon film as a top electrode, and the Silicon 
oxide film as a dielectric film. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0024 FIG. 1 is a cross-sectional view of a portion of the 
flash memory (semiconductor device) of the embodiment 1 
of the present invention; 
0025 FIGS. 2(a) to 2(c) are cross-sectional views for 
explaining a method for fabricating the flash memory in 
FIG. 1; 

0026 FIGS. 3(a) to 3(c) are cross-sectional views for 
explaining a method for fabricating the flash memory in 
FIG. 2; 
0.027 FIG. 4 is an illustration showing the relation 
between electric field and leakage current of a Silicon oxide 
film; 
0028 FIG. 5 is an illustration showing the relation 
between electric field and leakage current of a Silicon oxide 
film; 
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0029 FIG. 6 is an illustration showing nitrogen atomic 
concentration distributions in a Silicon oxide film; 

0030 FIG. 7 is an illustration showing the relation 
between nitrogen atomic concentration and leakage current 
in a Silicon oxide film; 

0031) 
bility; 

0.032 FIGS. 9(a) to 9(c) are cross-sectional views for 
explaining a method for fabricating the flash memory (semi 
conductor device) of the embodiment 2 of the preset inven 
tion; 

0033 FIGS. 10 (a) to 10(d) are cross-sectional views for 
explaining a method for fabricating the flash memory in 
FIGS. 9(a) to 9(c); 
0034 FIG. 11 is an illustration showing nitrogen-and 
hydrogen-concentration distributions in a Silicon oxide film; 

FIG. 8 is an illustration showing retention capa 

0035 FIG. 12 is an illustration showing nitrogen-and 
hydrogen-concentration distributions in a Silicon oxide film; 

0.036 FIGS. 13(a) to 13(d) are cross-sectional views for 
explaining a method for fabricating the flash memory (semi 
conductor device) of the embodiment 3 of the present 
invention; 

0037 FIGS. 14(a) to 14(d) are cross-sectional views for 
explaining a method for fabricating the flash memory in 
FIGS. 13(a) to 13(d); 
0.038 FIGS. 15(a) to 15(e) are cross-sectional views for 
explaining a method for fabricating the flash memory (semi 
conductor device) of the embodiment 4 of the present 
invention. 

0.039 FIGS. 16(a) to 16(d) are cross-sectional views for 
explaining a method for fabricating the flash memory in 
FIGS. 15(a) to 15(e); 
0040 FIG. 17 is an illustration showing the relation 
between gate length and threshold Voltage; 

0041 FIGS. 18(a) to 18(c) are cross-sectional views for 
explaining a method for fabricating the Semiconductor 
device of the embodiment 5 of the present invention; 

0.042 FIGS. 19(a) to 19(d) are cross-sectional views for 
explaining a method for fabricating the Semiconductor 
device in FIGS. 18(a) to 18(c); and 
0043 FIG. 20 is an illustration of threshold voltage 
change values due to programming/erasing before and after 
reduction of hydrogen atoms by wet oxidation. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0044) Embodiments of the present invention are 
described below in detail by referring to the accompanying 
drawings. These embodiments are illustrative of the present 
invention and not limiting thereof, the present invention 
being defined by the appended claims. 
0045. In every drawing for explaining the embodiments 
of the present invention, components having the same func 
tion are provided with the same Symbol, and their repetitive 
description is omitted. 
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Embodiment 1 

0.046 For this embodiment, a case is described in which 
the present invention is applied to an NOR-type flash 
memory as a Semiconductor device having a nonvolatile 
memory device. 
0047 FIG. 1 is a cross-sectional view of a portion of an 
NOR-type flash memory. 
0.048. The flash memory of this embodiment is provided 
with a memory cell array Section in which a plurality of 
memory cells using the nonvolatile memory device Qe 
shown in FIG. 1 as one memory unit are arranged like a 
matrix. 

0049. The above flash memory mainly comprises a 
p-type Semiconductor Substrate 201 made of Single-crystal 
Silicon and having a Surface orientation (100). A field 
insulator film 202 is formed in the inactive region of the 
Surface of the p-type Semiconductor Substrate 201 and a 
nonvolatile memory device Qe is constituted in the active 
region of the Surface of a p-type Semiconductor Substrate 
201 whose periphery (e.g., circumference) is specified by the 
field insulator film 202. 

0050. The nonvolatile memory device Qe mainly com 
prises the p-type Semiconductor Substrate 201 used as a 
channel forming region, a first gate dielectric film 203, a 
floating gate electrode 204, a second gate dielectric film 205, 
a control gate electrode 207, a punch-through Stopper region 
208, a source region 209, and a drain region 210. In this case, 
the first gate dielectric film 203 represents a tunnel dielectric 
film formed between the p-type semiconductor substrate 201 
and the floating gate electrode 204. Moreover, the second 
gate dielectric film 205 represents an interpoly dielectric 
film formed between the floating gate electrode 204 and the 
control gate electrode 207. 
0051) The first gate dielectric film 203 is made of a 
Silicon oxide film formed by applying thermal oxidation to 
the surface of the p-type semiconductor substrate 201. The 
floating gate electrode 204 is made of a polycrystalline 
Silicon film doped with n-type impurities in order to 
decrease the resistance value. The Second gate dielectric film 
205 is made of a silicon oxide film formed by the LPCVD 
process using SiH and NO as Source gases. The Silicon 
oxide film is doped with nitrogen in order to decrease 
leakage current. The control gate electrode 207 is made of a 
polycrystalline Silicon film doped with n-type impurities in 
order to decrease the resistance value. 

0.052 The punch-through stopper region 208 comprises a 
p-type Semiconductor region containing p-type impurities 
introduced into the Surface of the p-type Semiconductor 
substrate 201. The source region 209 and the drain region 
210 comprise a pair of n-type Semiconductor regions con 
taining n-type impurities introduced into the Surface of the 
p-type Semiconductor Substrate 201. 
0.053 An electrode 212 is electrically connected to the 
Source region 209 through a contact hole formed through an 
interlayer dielectric film 211, and moreover, the electrode 
212 is electrically connected to the drain region 210 through 
a contact hole formed through the interlayer dielectric film 
211. 

0.054 Then, a method for fabricating a memory cell using 
the nonvolatile memory device Qe as one memory unit is 
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described below by referring to FIGS. 2(a)-2(c) and 3(a)- 
3(c)(cross-sectional views for explaining the fabrication 
method). 
0055 First, the p-type semiconductor Substrate 201 made 
of Single-crystal Silicon and having a Surface orientation 
(100) is prepared. Then, the field insulator film 202 made of 
a Silicon oxide film is formed in the inactive region of the 
surface of the 15 p-type semiconductor Substrate 201 by the 
generally-known local oxidation. The field insulator film 
202 is formed at a thickness of approximately 500 nm. FIG. 
2(a) shows the process up to this step for this embodiment. 
0056. Then, thermal oxidation is applied to the active 
region of the Surface of the p-type Semiconductor Substrate 
201 to form the first gate dielectric film 203 made of a silicon 
oxide film. The first gate dielectric film 203 is formed at a 
thickness of approximately 10 nm. 
0057 Then, the polycrystalline silicon film 204 doped 
with n-type impurities (e.g. phosphorus) is formed on the 
entire Surface of the p-type Semiconductor Substrate 201 
including the surface of the first gate dielectric film 203. The 
polycrystalline silicon film 204 is formed at a thickness of 
approximately 200 nm. 
0058. Then, patterning is applied to the polycrystalline 
Silicon film 204. The patterning is performed by, e.g., 
Standard photolithography and dry etching techniques. FIG. 
2(b) shows the process up to this step. 
0059) Then, the silicon oxide film 205 is formed on the 
entire surface of the p-type semiconductor substrate 201 
including the surface of the polycrystalline silicon film 204 
at a thickness of, for example, 12 nm. The Silicon oxide film 
205 is formed by the LPCVD process using SiH and NO 
as Source gases. In this case, the formation temperature is 
750° C. 

0060. Then, annealing is performed in an NH environ 
ment immediately after the above StepS are completed to 
dope the silicon oxide film 205 with nitrogen. FIG. 2(c) 
shows the process up to this step. 

0061 Then, the polycrystalline silicon film 207 doped 
with n-type impurities (e.g. phosphorus) is formed on the 
entire surface of the silicon oxide film 205. The polycrys 
talline Silicon film 207 is formed at a thickness of, for 
example, approximately 200 nm. FIG. 3(a) shows the 
process up to this step. 

0062) Then, patterning for specifying the width in the 
gate-length direction is applied to the polycrystalline Silicon 
film 207, silicon oxide film 205, and polycrystalline silicon 
film 204, in order so as to form the control gate electrode 207 
made of the polycrystalline silicon film 207 doped with 
n-type impurities, the Second gate dielectric film 205 made 
of the Silicon oxide film doped with nitrogen, and the 
floating gate electrode 204 made of the polycrystalline 
silicon film 204 doped with n-type impurities. The above 
electrodes and the film are patterned by photolithography 
and dry etching techniques. In this process, though not 
illustrated, a word line integrated with the control gate 
electrode 207 is also formed. FIG.3(b) shows the process up 
to this step. 

0063. Then, the active region of the surface of the p-type 
semiconductor Substrate 201 is locally doped with p-type 
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impurities (e.g. boron) by the ion implantation method to 
form the punch-through Stopper region 208 comprising a 
p-type Semiconductor region. 
0064. Then, the active region of the surface of the p-type 
semiconductor Substrate 201 is locally doped with n-type 
impurities (e.g. arsenic) by the ion implantation method to 
form the source region 209 and drain region 210 comprising 
a pair of n-type Semiconductor regions. In this process, a 
nonvolatile memory device Qe is formed. FIG. 3(c) shows 
the process up to this step. 
0065. Then, the interlayer dielectric film 211 is formed on 
the entire surface of the p-type semiconductor Substrate 201 
including the surface of the control gate electrode 207. 
Thereafter, a contact hole reaching the Source region 209 and 
drain region 210 is formed on the interlayer dielectric film 
211. 

0.066 Then, a memory cell using the nonvolatile memory 
device Qe shown in FIG. 1 as one memory unit is almost 
completed by forming a metallic film on the entire Surface 
of the interlayer dielectric film 211 including the contact 
hole and thereafter patterning the metallic film to form the 
electrodes 212. 

0067 Characteristics of the nonvolatile memory device 
Qe formed by the above fabrication method are described 
below. In this case, Samples made by variously changing 
annealing temperatures and times in an NH environment 
were prepared to compare the nitrogen atomic concentration 
and leakage current of the Silicon oxide film (second gate 
dielectric film) 205 and characteristics of the nonvolatile 
memory device Qe. 
0068 FIGS. 4 and 5 show current-voltage characteristics 
of the Silicon oxide film 205. FIG. 4 shows the result 
obtained by Setting the annealing temperature in an NH 
environment to 850 C. and changing annealing times, and 
FIG. 5 shows the result obtained by setting the annealing 
time to 10 min and changing annealing temperatures. The 
film thickness is set to 12 nm in the both cases. In FIG. 4, 
curve 1 represents no annealing (prior art); and curves 2 and 
3 respectively represent annealing times of 10 minutes and 
40 minutes (illustrating the present invention). In FIG. 5, 
curves 4, 5 and 6 respectively represent annealing tempera 
tures of 800° C., 850° C. and 900 C. From the results in 
FIGS. 4 and 5, it is found that the leakage current of the 
Silicon oxide film 205 decreaseS as the annealing time and 
temperature in the NH environment increase. 
0069. The leakage current decrease described above has 
a close correlation with the nitrogen atomic concentration of 
the Silicon oxide film 205. FIG. 6 shows the result of 
measuring the nitrogen atom distributions in the ranges of 
the control gate electrode (polycrystalline silicon film 207), 
second gate dielectric film (silicon oxide film 205), and 
floating gate electrode (polycrystalline silicon film 204) by 
a secondary ion mass spectrometer (SIMS). Curve 7 repre 
Sents nitrogen atom distribution without annealing (prior 
art), while curves 8 and 9 represent nitrogen atom distribu 
tions respectively with annealing times of 10 minutes and 40 
minutes. 

0070 From the annealing in the NH environment, it is 
found that nitrogen atoms of 2x10' atoms/cm or more are 
introduced into the silicon oxide film 205. The nitrogen 
atomic concentration of the silicon oxide film 205 is higher 
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in the top and bottom regions than in the middle region. 
Moreover, it is found that the nitrogen atomic concentration 
rises as the annealing time in the NH environment 
increases. 

0071 FIG. 7 shows the relation between nitrogen atomic 
concentration and leakage current of the Silicon oxide film 
205 when annealing the film 205 at various temperatures and 
times. In this case, the nitrogen atomic concentration of the 
silicon oxide film 205 uses the value at the bottom region of 
the film 205. The leakage current is defined by the maximum 
electric field of 7.5 MV/cm applied to the second gate 
dielectric film 205 when injecting electrons into the floating 
gate electrode 204. From this result, it is found that the 
leakage current of the silicon oxide film 205 is dependent on 
the nitrogen atomic concentration of the film 205 indepen 
dently of any annealing condition, and it decreases as the 
nitrogen atomic concentration increases. To Secure the 
threshold Voltage window at the time of writing/erasing and 
maintain the retention characteristic, it is necessary to 
decrease the leakage current of the Second gate dielectric 
film 205 to 10" or less (the allowable leakage current 
density, shown by curve 10 in FIG. 7). From FIG. 7, to 
realize the above current level, it is necessary to increase the 
nitrogen atomic concentration in the silicon oxide film 205 
to 2x10' atoms/cm or more. 
0072 To fabricate a scaled nonvolatile memory device 
Qe having a gate length of 0.5 um or less, it is necessary to 
set the upper limit of a process temperature to 900 C. or 
lower. AS the result of measuring the nitrogen atomic 
concentration in the Silicon oxide film 205 on the samples 
obtained by setting the annealing temperature of the film 205 
in NH to 900 C. and changing the annealing times of the 
film 205 by the above-described SIMS analysis, the con 
centration is Saturated at approximately 2x10 atoms/cm 
and it is difficult to introduce more nitrogen atoms. There 
fore, the nitrogen atomic concentration in the Silicon oxide 
film 205 is limited to a range between approximately 2x10' 
atoms/cm or more and preferably 2x10' atoms/cm or less 
(a region for practical fabrication and use of the device 
shown by arrow 11 in FIG. 7). 
0073 FIG. 8 shows the change of threshold voltage 
when doping the silicon oxide film 205 with nitrogen atoms 
in an NH environment for 10 min, injecting electrons into 
the floating gate electrode 204 of the nonvolatile memory 
device Qe, and thereafter performing baking in a nitrogen 
environment at 250 C. FIG. 8 also shows the results of a 
thermal silicon oxide film 12 and an ONO film 13 of the 
prior art, in addition to those of the Second gate dielectric 
film 205 (curve 14 in FIG. 8). Every film thickness is set to 
12 nm. 

0074. It is found that the silicon oxide film 205 annealed 
in an NH environment has a Small threshold-Voltage drop 
compared to the conventional thermal Silicon oxide film and 
ONO film, and the retention capability of the nonvolatile 
memory device Qe is improved. This is, as described above, 
because the leakage current of the silicon oxide film 205 
decreases compared to the case of the thermal Silicon oxide 
film and ONO film when the thickness of the second gate 
dielectric film 205 is decreased to 12 nm. If the nitrogen 
atomic concentration in the silicon oxide film 205 is kept in 
a range between approximately 2x10" atoms/cm and pref 
erably 2x10' atoms/cm or less, the retention capability was 
almost the Same. 
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0075 According to this embodiment, by using the ther 
mal Silicon oxide film 205 containing nitrogen atoms in a 
range between approximately 2x10' atoms/cm or more 
and preferably 2x10' atoms/cm or less as the second gate 
dielectric film 205 of a nonvolatile memory device Qe, there 
is an advantage that the retention capability is improved. 

Embodiment 2 

0.076 For this embodiment, a case is described in which 
a Silicon oxide film obtained by having the maximum 
nitrogen atomic concentration of the film in a range between 
approximately 2x10' atoms/cm or more and preferably 
2x10 atoms/cm or less, optimizing the nitrogen distribu 
tion, and decreasing the hydrogen atomic concentration in 
the film, is used as the Second gate dielectric film of a 
nonvolatile memory device. 
0.077 First, a method for fabricating a memory cell using 
a nonvolatile memory device as one memory unit is 
described below by referring to FIGS. 9(a) to 9(c) and FIGS. 
10(a) to 10(d)(cross-sectional views for explaining the fab 
rication method). 
0078. A p-type semiconductor Substrate 201 made of 
Single-crystal Silicon and having a Surface orientation (100) 
is prepared, and then, a field insulator film 202 made of a 
Silicon oxide film is formed in the inactive region of the 
surface of the p-type semiconductor substrate 201 by the 
generally-known local oxidation. The field insulator film 
202 is formed at a thickness of approximately 500 nm. FIG. 
9(a) shows the process up to this step for this embodiment. 
0079 Then, thermal oxidation is applied to the active 
region of the Surface of the p-type Semiconductor Substrate 
201 to form a first gate dielectric film 203 made of a silicon 
oxide film. The first gate dielectric film 203 is formed at a 
thickness of approximately 10 nm. 
0080. Then, a polycrystalline silicon film 204 doped with 
n-type impurities (e.g. phosphorus) is formed on the entire 
Surface of the p-type Semiconductor Substrate 201 including 
the surface of the first gate dielectric film 203. The poly 
crystalline silicon film 204 is formed at a thickness of 
approximately 200 nm. 
0081. Then, patterning is applied to the polycrystalline 
silicon film 204. This patterning is performed by photoli 
thography and the dry etching techniques. FIG. 9(b) shows 
the process up to this step. 

0082) Then, a silicon oxide film 205 is formed on the 
entire Surface of the p-type Semiconductor Substrate 201 
including the surface of the polycrystalline silicon film 204 
at a thickness of, for example, 12 nm. The Silicon oxide film 
205 is formed by the LPCVD process using SiH and N.0 as 
Source gases. In this case, the formation temperature is 750 
C. 

0.083. Then, annealing is performed in an NH environ 
ment immediately after the above Step is executed to intro 
duce nitrogen atoms of approximately 6x10'atoms/cm 
into the silicon oxide film 205. 

0084. Then, wet oxidation is applied to the silicon oxide 
film 205 in an environment at a temperature of 825 C. FIG. 
9(c) shows the process up to this 5 step. 
0085. Then, a polycrystalline silicon film 207 doped with 
n-type impurities (e.g. phosphorus) is formed on the entire 
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surface of the silicon oxide film 205. The polycrystalline 
silicon film 207 is formed at a thickness of approximately 
200 nm. FIG. 10(a) shows the process up to this step. 
0086 Patterning for specifying the width in the gate 
length direction is applied to the polycrystalline Silicon film 
207, silicon oxide film 205, and polycrystalline silicon film 
204 in order so as to form a control gate electrode 207 made 
of the polycrystalline silicon film 207 doped with n-type 
impurities, a second gate dielectric film 205 made of the 
silicon oxide film 205 doped with nitrogen, and a floating 
gate electrode 204 made of the polycrystalline silicon film 
204 doped with n-type impurities. Patterning of these elec 
trodes and film are performed by photolithography and dry 
etching techniques. In the above Step, though not illustrated, 
a word line integrated with the control gate electrode 207 is 
also formed. FIG. 10(b) shows the process up to this step. 
0087. Then, the active region of the surface of the p-type 
semiconductor Substrate 201 is locally doped with p-type 
impurities (e.g. boron) by the ion implantation method to 
form a punch-through Stopper region 208 comprising a 
p-type Semiconductor region. 
0088. Then, the active region of the surface of the p-type 
semiconductor Substrate 201 is locally doped with n-type 
impurities (e.g. arsenic) by the ion implantation method to 
form a Source region 209 and a drain region 210 comprising 
a pair of n-type Semiconductor regions. In this Step, a 
nonvolatile memory device Qe is formed. FIG.10(c) shows 
the process up to this step. 
0089. Then, an interlayer dielectric film 211 is formed on 
the entire surface of the p-type semiconductor substrate 201 
including the Surface of the control gate electrode 207, and 
thereafter, contact holes reaching the Source region 209 and 
the drain region 210 are formed on the interlayer dielectric 
film 211. 

0090 Then, a metallic film is formed on the entire surface 
of the interlayer dielectric film 211 including the inside of 
the contact holes, and thereafter, patterned to form elec 
trodes 212. Thus, as shown in FIG. 10(d), a memory cell 
using a nonvolatile memory device Qe as one memory unit 
is almost completed. 
0091. The nonvolatile memory device Qe of this embodi 
ment can hold electric charges for a long time compared to 
the case of the embodiment 1. To examine the reason for 
this, atomic-concentration distributions in the Silicon oxide 
film 205 before and after wet oxidation were observed by a 
Secondary ion mass spectrometer. 
0092 FIG. 11 shows nitrogen- and hydrogen-concentra 
tion distributions in the silicon oxide film 205 before wet 
oxidation and FIG. 12 shows nitrogen- and hydrogen 
concentration distributions in the silicon oxide film 205 after 
wet oxidation. In FIG. 11, curves 15 and 16 respectively 
show concentrations of hydrogen and nitrogen in the Silicon 
oxide film 205. In FIG. 12, curves 17 and 18 respectively 
show concentrations of hydrogen and nitrogen in the Silicon 
oxide film. As the result of comparing FIGS. 11 and 12, it 
is found that the hydrogen atomic concentration in the 
silicon oxide film 205 decreases by one digit from 2x10' 
atoms/cm to 2x10'atoms/cm. Moreover, it is confirmed 
that the nitrogen concentration in the top region (control gate 
electrode 207 side) of the silicon oxide film 205 decreases. 
After annealing in the nitrogen-containing environment 
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(atmosphere), but without performing the wet oxidation, a 
nitrogen concentration profile of the Silicon oxide film 
would have three regions, first and third regions respectively 
adjacent the control and floating gate electrodes, and a 
Second region between the first and third region; the first and 
third regions would have Substantially a same concentration, 
while the Second region would have a reduced concentration 
relative to that of the first and third regions. After performing 
wet oxidation, the nitrogen concentration is reduced in the 
first region (i.e., adjacent the control gate electrode), but not 
in the third region; the nitrogen concentration in the third 
region is then much greater than that in the first region. Thus, 
the wet oxidation has two beneficial effect: 1) reduces the 
hydrogen concentration in the Silicon oxide film; and 2) 
reduces nitrogen concentration in the Silicon oxide film in 
the region adjacent the control gate electrode. 

0093. From the above analysis results, it is estimated that 
the reduction of electron traps due to reduction of hydrogen 
atoms in the silicon oxide film 205 and control of hole 
current due to reduction of the nitrogen concentration in the 
top region (control gate electrode 207 Side) improve the 
retention capability of the nonvolatile memory device Qe. 

0094. In the case of this embodiment, the nitrogen atomic 
concentration in the silicon oxide film 205 is set to 6x10' 
atoms/cm. However, it is observed that the retention capa 
bility is improved when the nitrogen atomic concentration is 
kept in a range between approximately 2x10" atoms/cm or 
more and preferably 2x10° atoms/cm or less. Moreover, 
when the hydrogen atomic concentration in the Silicon oxide 
film 205 is kept at 5x10' atoms/cm or less, the retention 
capability is also improved. Furthermore, by Setting the 
hydrogen atomic concentration in the silicon oxide film 205 
to 5x10' atoms/cm or less, it is possible to control the 
threshold Voltage change due to programming/erasing of a 
nonvolatile memory device Qe. FIG. 20 shows threshold 
Voltage change values due to programming/erasing before 
and after reduction of hydrogen atoms due to wet oxidation. 
In FIG. 20, curve 19 shows threshold voltage change values 
before wet oxidation, and curve 20 shows threshold voltage 
change values after wet oxidation. In this case, the nitrogen 
atomic concentration is 6x10' atoms/cm. Though the 
threshold voltage change is 0.65 V before wet oxidation 
(hydrogen atomic concentration of 3x10' atoms/cm), it is 
controlled to approximately 0.15 V after wet oxidation 
(hydrogen atomic concentration of 3x10' atoms/cm). This 
is because electron traps in the silicon oxide film 205 are 
reduced by reducing hydrogen atoms by wet oxidation. 

0.095. Furthermore, in the case of this embodiment, the 
nitrogen atomic concentration in the silicon oxide film 205 
is set to 6x10' atoms/cm. However, it is possible to control 
the threshold Voltage change due to programming/erasing by 
keeping the nitrogen atomic concentration in a range 
between approximately 2x10' atoms/cm or more and pref 
erably 2x10' atoms/cm or less and the hydrogen atomic 
concentration at 5x10' atoms/cm or less. 

0096. This embodiment has an advantage that the reten 
tion capability of a nonvolatile memory device Qe can be 
improved by using the silicon oxide film 205 containing 
nitrogen atoms in a range between approximately 2x10' 
atoms/cm or more and preferably 2x10' atoms/cm or less 
as the second gate dielectric film 205 of the nonvolatile 
memory device Qe, and, moreover, increasing the nitrogen 
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atomic concentration in the bottom region of the Silicon 
oxide film 205 compared to the nitrogen atomic concentra 
tion in the top region of the film 205 and setting the 
maximum hydrogen atomic concentration in the Silicon 
oxide film 205 to 5x10' atoms/cm or less. Moreover, the 
embodiment has an advantage that the threshold Voltage 
change due to programming/erasing of the nonvolatile 
memory device Qe can be controlled. 

Embodiment 3 

0097. For this embodiment, a silicon oxide film in which 
the maximum nitrogen atomic concentration is kept in a 
range between approximately 2x10' atoms/cm or more 
and preferably 2x10 atoms/cm or less, with a silicon 
nitride (SiN) film Superimposed on the Silicon oxide film, 
used as the Second gate dielectric film of a nonvolatile 
memory device, is described. 
0098 First, a method for fabricating a memory cell using 
a nonvolatile memory device as one memory unit is 
described below by referring to FIGS. 13(a) to 13(d) and 
FIGS. 14(a) to 14(d)(cross-sectional views for explaining 
the fabrication method). 
0099. A p-type semiconductor substrate 201 made of 
Single-crystal Silicon and having a Surface orientation (100) 
is prepared, and then a field insulator film 202 made of a 
Silicon oxide film is formed in the inactive region of the 
surface of the p-type semiconductor substrate 201 by the 
generally-known local oxidation. The field insulator film 
202 is formed at a thickness of approximately 500 nm. FIG. 
13(a) shows the process up to this step for this embodiment. 
0100. Then, thermal oxidation is applied to the active 
region of the Surface of the p-type Semiconductor Substrate 
201 to form a first gate dielectric film 203 made of a silicon 
oxide film. The first gate dielectric film 203 is formed at a 
thickness of approximately 10 nm. 
0101 Then, a polycrystalline silicon film 204 doped with 
n-type impurities (e.g. phosphorus) is formed on the entire 
Surface of the p-type Semiconductor Substrate 201 including 
the surface of the first gate dielectric film 203. The poly 
crystalline silicon film 204 is formed at a thickness of 
approximately 200 nm. 
0102) Then, the polycrystalline silicon film 204 is pat 
terned. This patterning is performed by photolithography 
and dry etching techniques. FIG. 13(b) shows the process up 
to this step. 
0103) Then, a silicon oxide film 205 is formed on the 
entire Surface of the p-type Semiconductor Substrate 201 
including the surface of the polycrystalline silicon film 204 
at a thickness of, for example, 12 nm. The Silicon oxide film 
205 is formed by the LPCVD process using SiH and NO 
as Source gases. In this case, the formation temperature is 
750° C. 

0104. Then, annealing is performed in an NH environ 
ment immediately after the above Step is performed to 
introduce nitrogen atoms of approximately 6x10" atoms/ 
cm into the silicon oxide film 205. FIG. 13(c) shows the 
process up to this step. 

0105. Then, a silicon nitride (SiN) film 213 (about 10 
nm thickness) is formed on the entire Surface of the p-type 
semiconductor Substrate 201 including the surface of the 
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silicon oxide film 205 by the LPCVD process. FIG. 13(d) 
shows the process up to this step. 
0106 Then, a polycrystalline silicon film 207 doped with 
n-type impurities (e.g. phosphorus) is formed on the entire 
surface of the silicon oxide film 205. The polycrystalline 
silicon film 207 is formed at a thickness of approximately 
200 nm. FIG. 14(a) shows the process up to this step. 
0107 Then, patterning for specifying the width in the 
gate length direction is applied to the polycrystalline Silicon 
film 207, silicon nitride film 213, silicon oxide film 205, 
polycrystalline silicon film 204, and first gate dielectric film 
203 in order so as to form a control gate electrode 207 made 
of the polycrystalline silicon film 207 doped with n-type 
impurities, a Second gate dielectric film made of the Silicon 
oxide film 205 doped with nitrogen and the silicon nitride 
film 213, and a floating gate electrode 204 made of the 
polycrystalline silicon film 204 doped with n-type impuri 
ties. 

0108. The above electrodes and film are patterned by 
photolithography and dry etching techniques. In the above 
Step, though not illustrated, a word line integrated with the 
control gate electrode 207 is also formed. FIG. 14(b) shows 
the process up to this step. 
0109 Then, the active region of the surface of the p-type 
semiconductor Substrate 201 is locally doped with p-type 
impurities (e.g. boron) by the ion implantation method to 
form a punch-through Stopper region 208 comprising a 
p-type Semiconductor region. 
0110. Then, the active region of the surface of the p-type 
semiconductor Substrate 201 is locally doped with n-type 
impurities (e.g. arsenic) by the ion implantation method to 
form a Source region 209 and a drain region 210 comprising 
a pair of n-type Semiconductor regions. In this Step, a 
nonvolatile memory device Qe is formed. FIG. 14(c) shows 
the process up to this step. 

0111. Then, an interlayer dielectric film 211 is formed on 
the entire surface of the p-type semiconductor Substrate 201 
including the Surface of the control gate electrode 207, and 
thereafter, contact holes reaching the Source region 209 and 
drain region 210 are formed through the interlayer dielectric 
film 211. 

0112 Then, a metallic film is formed on the entire surface 
of the interlayer dielectric film 211 including the inside of 
the contact holes, and thereafter, patterned to form elec 
trodes 212. Thus, as shown in FIG. 14(d), a memory cell 
using a nonvolatile memory device Qe as one memory unit 
is almost completed. 
0113. The retention capability of the nonvolatile memory 
device Qe is improved compared to the case of depositing a 
silicon nitride film on an ONO film with a thickness of 12 

. 

0114. In the case of this embodiment, the nitrogen atomic 
concentration in the silicon oxide film 205 is set to 6x10' 
atoms/cm or more. However, when the concentration is 
kept in a range between approximately 2x10" atoms/cm 
and preferably 2x10 atoms/cm or less, improvement of 
the retention capability is observed. 
0115 This embodiment has an advantage that the reten 
tion capability of a nonvolatile memory device Qe can be 
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improved by using, as the Second gate dielectric film of the 
nonvolatile memory device Qe, the silicon oxide film 205 
including nitrogen atoms in a range between approximately 
2x10' atoms/cm or more and 2x10° atoms/cm or less and 
having the silicon nitride film 213 Superimposed on the 
Silicon oxide film 205. 

0116. Moreover, in the case of this embodiment, nitrogen 
atoms are introduced into the silicon oxide film 205, and, 
thereafter, the silicon nitride film 213 is formed. However, 
more advantages can be obtained by performing wet oxida 
tion similarly to the case of the embodiment 2 before 
forming the silicon nitride film 213 and reducing the hydro 
gen atomic concentration in the silicon oxide film 205 to 
5x10 atoms/cm or less. 

Embodiment 4 

0.117) For this embodiment, a case is described in which 
a Silicon oxide film in which the maximum nitrogen atomic 
concentration is kept in a range between approximately 
2x10 atoms/cm or more and preferably 2x10° atoms/cm 
or leSS is used as the Second gate dielectric film of a 
nonvolatile memory device. The nonvolatile memory device 
of this embodiment is mounted as a flash memory having an 
AND-type contactleSS array Structure. 
0118 First, a method for fabricating a memory cell using 
a nonvolatile memory device as one memory unit is 
described below by referring to FIGS. 15(a) to 15(e) and 
FIGS. 16(a) to 16(d)(cross-sectional views for explaining 
the fabrication method). 
0119) A p-type semiconductor substrate 101 made of 
Single-crystal Silicon and having a Surface orientation (100) 
is prepared. 

0120) Then, a first gate dielectric film 102 made of a 
Silicon oxide film is formed on the Surface of the p-type 
semiconductor Substrate 101. 

0121 Then, a polycrystalline silicon film 103 doped with 
impurities (e.g. phosphorus) is formed on the first gate 
dielectric film 102, and, thereafter, a silicon oxide film 104 
is formed on the polycrystalline silicon film 103 and then a 
silicon nitride film 105 is formed on the silicon oxide film 
104. The polycrystalline silicon film 103, silicon oxide film 
104, and silicon nitride film 105 are formed in order by the 
LPCVD process. 
0.122 Then, patterning for specifying the width in the 
gate length direction is applied to the silicon nitride film 105, 
silicon oxide film 104, polycrystalline silicon film 103, and 
first gate dielectric film 102. The patterning is performed by 
photolithography and dry etching techniques. FIG. 15(a) 
shows the process up to this step. 
0123 Then, a silicon nitride film is formed on the entire 
Surface of the p-type Semiconductor Substrate 101, including 
the surface of the silicon nitride film 105, by the LPCVD 
process, and thereafter, anisotropic dry etching is applied to 
the silicon nitride film to form a sidewall spacer 106. FIG. 
15(b) shows the process up to this step. 
0.124. Then, wet oxidation is performed to form a field 
insulator film 107 made of a silicon oxide film on the Surface 
of the p-type semiconductor Substrate 101. The field insu 
lator film 107 Separates active regions (device forming 
regions). FIG. 15(c) shows the process up to this step. 
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0.125 Then, a hot phosphoric acid treatment is performed 
to remove the silicon nitride film 105 and sidewall spacer 
106, and then, the active region of the Surface of the p-type 
semiconductor Substrate 101 is locally doped with p-type 
impurities (e.g. boron) by the ion implantation method to 
form a punch-through Stopper region 108 comprising a 
p-type Semiconductor region. 
0.126 Then, the active region of the surface of the p-type 
semiconductor Substrate 101 is locally doped with n-type 
impurities (e.g. arsenic) by the ion implantation method to 
form a source region 109 and a drain region 110 comprising 
a pair of n-type semiconductor regions. FIG. 15(d) shows 
the process up to this step. 

0127. Then, a silicon oxide film 111 is formed on the 
entire surface of the p-type semiconductor Substrate 101 
including the surface of the silicon oxide film 104 by the 
LPCVD process, and thereafter, anisotropic etching is 
applied to the silicon oxide film 111 until the upside of the 
polycrystalline silicon film 103 is exposed. FIG. 15(e) 
shows the process up to this step. 
0128. Then, a polycrystalline silicon film 112 doped with 
n-type impurities (e.g. phosphorus) is formed on the entire 
Surface of the p-type Semiconductor Substrate 101 including 
the surface of the polycrystalline silicon film 103, and 
thereafter, patterning for Specifying the width in the gate 
length direction is applied to the polycrystalline Silicon film 
112. FIG. 16(a) shows the process up to this step. 
0129. Then, a silicon oxide film 113 is formed on the 
entire surface of the p-type semiconductor Substrate 101 
including the Surface of the polycrystalline silicon film 112 
at a thickness of, for example, 12 nm. The Silicon oxide film 
113 is formed by the LPCVD process using SiH and N20 as 
Source gases. In this case, the formation temperature is 750 
C. 

0130. Then, annealing is performed in an NH environ 
ment immediately after the above Step is performed to 
introduce nitrogen atoms of approximately 6x10fatoms/cm 
into the silicon oxide film 113. FIG.16(b) shows the process 
up to this step. 
0131 Then, a polycrystalline silicon film 115 doped with 
n-type impurities (e.g. phosphorus) is formed on the entire 
Surface of the silicon oxide film 113. 

0132) Then, patterning for specifying the width in the 
gate width direction is applied to the polycrystalline Silicon 
film 115, silicon oxide film 113, polycrystalline silicon film 
112, and polycrystalline silicon film 103 in order so as to 
form a control gate electrode 115 made of the polycrystalline 
Silicon film 115 doped with n-type impurities, a Second gate 
dielectric film 113 made of the silicon oxide film 113 doped 
with nitrogen, and a floating gate electrode made of the 
polycrystalline silicon films 112 and 103 doped with n-type 
impurities. The patterning of them is performed by photo 
lithography and dry etching techniques. In this step, though 
not illustrated, a word line integrated with the control gate 
electrode 115 is also formed. FIG.16(c) shows the process 
up to this step. 

0133. Then, an interlayer dielectric film 116 is formed on 
the entire surface of the p-type semiconductor Substrate 101 
including the Surface of the control gate electrode 115, and 
thereafter, contact holes (though not illustrated in FIG. 
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16(d)) reaching the source region 109 and the drain region 
110 are formed through the interlayer dielectric film 116. 
0134) Then, a metallic film is formed on the entire surface 
of the interlayer dielectric film 116 including the inside of 
the contact holes, and thereafter, patterned to form elec 
trodes 117. Thus, a memory cell using a nonvolatile memory 
device Qe as one memory unit is almost completed. 
0.135 The retention capability of the nonvolatile memory 
device Qe is improved compared to the case of using an 
ONO film with a thickness of 12 nm as a second gate 
dielectric film. To obtain a preferable retention capability 
Similarly to the case of the embodiment 1, it is necessary to 
keep the nitrogen atomic concentration in the Silicon oxide 
film 113 in a range between approximately 2x10' atoms/ 
cm or more and preferably 2x10' atoms/cm or less. 
0136. Moreover, FIG. 17 shows the relation between 
gate length of the nonvolatile memory device using the 
Silicon oxide film 113 as a Second gate dielectric film and 
threshold voltage of the nonvolatile memory device after 
ultraviolet light irradiation. In FIG. 17, curve 21 represents 
the present invention, and curve 22 represents structure 
using an ONO film (prior art) as a second gate dielectric 
film. The silicon oxide film annealed in an NH environment 
can perform Stable operations even if the gate length is 
shorter than that of a conventional ONO film, for example, 
0.3 um or less. This is because the silicon oxide film 113 has 
a formation temperature of 850 C. which is lower than that 
of the ONO film, and thereby, the elongation of the source 
and drain regions can be controlled. 
0.137 This embodiment has an advantage that the reten 
tion capability can be improved by using the Silicon oxide 
film 113 containing nitrogen atoms in a range between 
approximately 2x10" atoms/cm or more and preferably 
2x10 atoms/cm or less as the second gate dielectric film of 
the nonvolatile memory device Qe. 
0.138 Moreover, there is an advantage that a scaled 
nonvolatile memory device Qe can be stably operated by 
using a Silicon oxide film in which the maximum nitrogen 
atomic concentration is kept in a range between approxi 
mately 2x10' atoms/cm or more and preferably 2x10' 
atoms/cm or less as the second gate dielectric film of the 
nonvolatile memory device Qe, after forming Source and 
drain regions. 

0.139. Furthermore, in the case of this embodiment, nitro 
gen atoms are introduced into the Silicon oxide film 113 and 
thereafter the polycrystalline silicon film 115 is formed. 
However, more advantages can be obtained by performing 
wet oxidation before forming the polycrystalline Silicon film 
115 similarly to the case of the embodiment 2 and reducing 
the hydrogen atomic concentration in the Silicon oxide film 
114 to 5x10' atoms/cm or less. 

0140) Furthermore, as described in the embodiment 3, the 
Same advantage can be obtained by forming a Silicon nitride 
film and using a Second gate dielectric film as a composite 
film before forming the polycrystalline silicon film 115 after 
forming the silicon oxide film 113. 

0.141. In the case of the embodiments 1 to 3, a nonvolatile 
memory device to be mounted as a NOR-type flash memory 
is described as an example. In the case of the embodiment 
4, a nonvolatile memory device to be mounted as a flash 
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memory having an AND-type contactleSS array Structure is 
described as an example. Moreover, the same advantage can 
be obtained by applying the present invention to a nonvola 
tile memory device to be mounted as another nonvolatile 
semiconductor memory such as the NAND type, DiNOR 
type, or split-gate type. In the case of the Embodiments 1-4, 
the Silicon oxide film in which the maximum nitrogen 
atomic concentration is kept in a range between approxi 
mately 2x10 atoms/cm or and preferably at most 2x10' 
atoms/cm is applied to the second gate dielectric film 
between the floating gate electrode and control gate elec 
trode. However, by keeping the concentration of nitrogen 
atoms in a range of at least approximately 2x10' atoms/ 
cm, and preferably at most 2x10° atoms/cm, the silicon 
oxide film can be applied to the interpoly dielectice film 
between the floating gate electrode and the erase gate 
electrode. 

Embodiment 5 

0142 For this embodiment, a case of using a silicon 
oxide film in which the maximum nitrogen atomic concen 
tration is kept in a range between approximately 2x10' 
atoms/cm or more and preferably 2x10' atoms/cm or less 
as the gate dielectric film of an MOS transistor using a 
polycrystalline Silicon film as an active layer is described. In 
the case of this embodiment, a gate dielectric film represents 
an insulator film formed between the active layer and the 
gate electrode. 
0143 First, an MOS transistor fabrication method is 
described by referring to FIGS. 18(a) to 18(c) and FIGS. 
19(a) to 19(d) (cross-sectional views for explaining the 
fabrication method). 
0144. An n-type semiconductor Substrate 301 made of 
Single-crystal Silicon and having a Surface orientation (100) 
is prepared. 

0145 Then, a silicon oxide film 302 is formed on the 
surface of the n-type semiconductor Substrate 301. FIG. 
18(a) shows the process up to this step. 
0146 Then, a polycrystalline silicon film 303 serving as 
the active layer of an MOS transistor is formed on the silicon 
oxide film 302. FIG. 18(b) shows the process up to this step. 
0147 Then, a silicon oxide film 304 used as a gate 
dielectric film is formed on the polycrystalline silicon film 
303 at a thickness of, for example, 10 nm. The silicon oxide 
film 304 is formed by the LPCVD process using SiH and 
NO as Source gases. In this case, the formation temperature 
is 750° C. 

0148 Then, annealing is performed in an NH environ 
ment immediately after performing the above Step to intro 
duce nitrogen atoms of approximately 6x10' atoms/cm 
into the silicon oxide film 304. Thereafter, wet oxidation is 
performed in an environment at a temperature of 825 C. to 
reduce the hydrogen atomic concentration in the Silicon 
oxide film 304 to 5x10' atoms/cm or less. FIG. 18(c) 
shows the process up to this step. 
0149 Then, a polycrystalline silicon film 307 doped with 
p-type impurities (e.g. boron) is formed on the Silicon oxide 
film 304. FIG. 19(a) shows the process up to this step. 
0150. Then the polycrystalline silicon film 307 is pat 
terned to form a gate electrode made of the polycrystalline 
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silicon film 307. The patterning is performed by photoli 
thography and dry etching techniques. FIG. 19(b) shows the 
process up to this step. 
0151. Then, the polycrystalline silicon film 303 is doped 
with p-type impurities (e.g. boron) by the ion implantation 
method by using the gate electrode 307 as an impurity 
doping mask to form a pair of p-type Semiconductor regions 
308 Serving as Source and drain regions. In this Step, an 
MOS transistor Q is formed. See FIG. 19(c). 
0152 Then, an interlayer dielectric film 309 is formed on 
the entire surface of the n-type semiconductor substrate 301 
including the surface of the gate electrode 307, and there 
after, contact holes reaching the pair of p-type Semiconduc 
tor regions 308 are formed through the interlayer dielectric 
film 309. 

0153. Then, a metallic film is formed on the entire surface 
of the interlayer dielectric film including the inside of the 
contact holes, and thereafter, the metallic film is patterned to 
form a wiring 310. Thereby, the state shown in FIG. 19(d) 
is obtained. 

0154) The standby current of the MOS transistor is 
reduced compared to a case of using a Silicon oxide film 
formed by the CVD process or a silicon oxide film formed 
by thermally oxidizing the polycrystalline silicon film 303. 
Moreover, the on-current is increased. As a result, a high 
on/off ratio is obtained. 

O155 In the case of this embodiment, the nitrogen atomic 
concentration in the silicon oxide film 304 is set to 6x10' 
atoms/cm. However, by keeping the concentration in a 
range between approximately 2x10' atoms/cm or more 
and preferably 2x10' atoms/cm or less, a high on/off ratio 
is also obtained. 

0156 This embodiment has an advantage that the on/off 
ratio of an MOS transistor can be improved by using a 
Silicon oxide film containing nitrogen atoms in a range 
between approximately 2x10' atoms/cm or more and 
2x10 atoms/cm or less as the gate dielectric film of an 
MOS transistor using a polycrystalline Silicon film as an 
active layer. 
O157. In the case of this embodiment, a p-channel con 
ducting-type MOS transistor Q is described. However, the 
Same advantage can be also obtained from an n-channel 
conducting-type MOS transistor. 

0158 Moreover, in the case of this embodiment, an MOS 
transistor using a polycrystalline Silicon film as an active 
layer is formed by forming a Silicon oxide film on a 
Semiconductor Substrate. However, the same advantage can 
be obtained by forming a polycrystalline Silicon film on a 
glass Substrate like a liquid-crystal-display driving MOS 
transistor (without a silicon Single-crystal Substrate). 
0159 Furthermore, in the case of this embodiment, an 
MOS transistor using a bottom polycrystalline silicon film as 
an active layer and a top polycrystalline Silicon layer as a 
gate electrode is described. However, the same advantage 
can be also obtained from an MOS transistor using a bottom 
polycrystalline Silicon film as a gate electrode and a top 
polycrystalline Silicon film as an active layer. 

0160 In the case of the above embodiments 1 to 5, 
annealing is performed in an NH environment when intro 
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ducing nitrogen atoms into a Silicon oxide film. However, it 
is also possible to use other gases containing nitrogen. For 
example, (and not to be limiting), the annealing can be 
performed in environments containing at least one of NO, 
NO and NO, either in addition to or instead of NH. 
Differing rates and amounts of incorporation of nitrogen 
occur with use of different gas environments, for example, 
NO and NO only have a small effect. Moreover, annealing 
temperatures, to incorporate nitrogen in the Silicon oxide 
film, varies; for example, annealing in an N2O environment 
should be performed at temperatures greater than 900 C., 
and in an NO environment (at 1 atmosphere pressure) the 
annealing temperature should be, e.g., around 850 C. 
0.161 Use of NH has the advantage that the annealing to 
incorporate nitrogen in the Silicon oxide film according to 
the present invention can be performed at relatively low 
temperatures (e.g., where the pressure is around one atmo 
sphere, the annealing can be performed at around 700° C.). 
Accordingly, diffusion (enlargement) of active (impurity) 
regions, and degrading of the tunnel oxide, can be avoided. 
While use of an NH environment will also incorporate 
hydrogen in the Silicon oxide film during the annealing, the 
concentration of hydrogen in the Silicon oxide can be 
reduced thereafter by the wet oxidation described previ 
ously. 

0162 Moreover, it is possible to introduce nitrogen atoms 
Simultaneously with deposition of a Silicon oxide film. 
Furthermore, it is possible to use any other method as long 
as the advantages of the present invention can be obtained. 
0163 Moreover, the above embodiments 1 to 5 are 
described by using a polycrystalline Silicon film. However, 
the same advantage can be obtained from an amorphous 
silicon film. 

0164. The invention made by the present inventors is 
Specifically described above in accordance with the above 
embodiments. However, the present invention is not 
restricted to the embodiments. It is a matter of course that 
various modifications can be made as long as they are not 
deviated from the gist of the present invention. 
0.165 For example, the present invention can be applied 
to a Semiconductor device having a capacitor using a bottom 
polycrystalline Silicon film or an amorphous Silicon film as 
a bottom electrode, a top polycrystalline Silicon film or an 
amorphous Silicon film as a top electrode, and a Silicon oxide 
film (having nitrogen incorporated therein according to the 
present invention) between these electrodes as a dielectric 
film. In this case, the retention capability of the capacitor can 
be improved. 
0166 Moreover, the present invention can be applied to 
a one-chip microcomputer (semiconductor device) provided 
with a memory cell array having a nonvolatile memory 
device. 

0167 Advantages obtained from typical one of the inven 
tions disclosed in this application are briefly described 
below. 

0.168. It is possible to improve the retention capability of 
a nonvolatile memory device to be mounted on a Semicon 
ductor device. 

0169 Moreover, it is possible to stably operate even a 
Scaled nonvolatile memory device. 
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0170 Furthermore, it is possible to reduce the program 
ming Voltage of a nonvolatile memory device. 
0171 Furthermore, it is possible to improve the perfor 
mances of an MOS transistor to be mounted on a semicon 
ductor device. 

0172 Furthermore, it is possible to improve the retention 
capability of a capacitor to be mounted on a Semiconductor 
device. 

0173 While we have shown and described several 
embodiments in accordance with the present invention, it is 
understood that the Same is not limited thereto, but is 
Susceptible to numerous changes and modifications as 
known to one having ordinary skill in the art, and we 
therefore do not wish to be limited to the details shown and 
described herein, but intend to cover all Such modifications 
as are encompassed by the Scope of the appended claims. 

We claim: 
1. A Semiconductor device comprising a Silicon oxide film 

formed between a first Silicon film and a Second Silicon film, 
the first Silicon film overlying a Substrate, the Silicon oxide 
film having nitrogen included therein, a maximum nitrogen 
concentration in the Silicon oxide film being in a range from 
2x10' atoms/cm to 2x10' atoms/cm. 

2. The Semiconductor device according to claim 1, 
wherein the Silicon oxide film has a hydrogen atomic 
concentration of at most 5x10' atoms/cm. 

3. The Semiconductor device according to claim 1, 
wherein the first and Second silicon films are each doped 
with n-type or p-type impurities So as to be conductive. 

4. The Semiconductor device according to claim 1, 
wherein each of the first and second silicon films is made of 
amorphous Silicon or of polycrystalline Silicon. 

5. A Semiconductor device comprising a Silicon oxide film 
formed between a first Silicon film and a Second Silicon film, 
the first Silicon film overlying a Substrate, the Silicon oxide 
film having nitrogen included therein, the Silicon oxide film 
having a nitrogen concentration profile in a direction from 
the Second Silicon film to the first Silicon film, the nitrogen 
concentration profile having a maximum adjacent the first 
Silicon film, the nitrogen concentration at the maximum 
adjacent the first silicon film being at least 2x10' atoms/ 
cm. 

6. The Semiconductor device according to claim 5, 
wherein the nitrogen concentration at the maximum adjacent 
the first silicon film is at most 2x10° atoms/cm. 

7. The Semiconductor device according to claim 6, 
wherein the Silicon oxide film has first and Second regions 
respectively adjacent the first and Second Silicon films and a 
third region between the first and Second regions, and 
wherein the nitrogen concentrations in the first and Second 
regions are each greater than the nitrogen concentration in 
the third region. 

8. The Semiconductor device according to claim 5, 
wherein the Silicon oxide film has first and Second regions 
respectively adjacent the first and Second Silicon films and a 
third region between the first and Second regions, and 
wherein the nitrogen concentration of the Second region is 
lower than the nitrogen concentration of the first region. 

9. The Semiconductor device according to claim 5, 
wherein the Silicon oxide film has a maximum hydrogen 
atomic concentration of at most 5x10' atoms/cm. 



US 2001/0040252A1 

10. The semiconductor device according to claim 5, 
wherein the first silicon film and the second silicon film each 
contains n-type impurities. 

11. The Semiconductor device according to claim 5, 
wherein the first and Second Silicon films respectively Serve 
as electrodes of the Semiconductor device. 

12. The Semiconductor device according to claim 5, 
wherein one of the first silicon film and the second silicon 
film is under a floating State. 

13. The Semiconductor device according to claim 5, 
which is a nonvolatile memory device including an insulator 
film formed between a floating gate electrode and a control 
gate electrode, wherein the floating gate electrode is said 
first silicon film, the insulator film is said silicon oxide film, 
and the control gate electrode is said Second Silicon film. 

14. The Semiconductor device according to claim 5, 
which is a nonvolatile memory device including an insulator 
film formed between an electrode in a floating State and a 
further electrode, wherein the electrode in the floating State 
is said first Silicon film, the further electrode is Said Second 
Silicon film, and the insulator film is said Silicon oxide film. 

15. The Semiconductor device according to claim 5, 
which is an MOS transistor including an insulator film 
formed between an active layer and a gate electrode, 
wherein the active layer is one of the first silicon film and 
Second Silicon film, the insulator film is the Silicon oxide 
film, and the gate electrode is the other of the first Silicon 
film and the second silicon film. 

16. The Semiconductor device according to claim 5, 
which is a capacitor including a dielectric film formed 
between a bottom electrode and a top electrode, wherein the 
bottom electrode is the first silicon film, the dielectric film 
is the Silicon oxide film, and the top electrode is the Second 
silicon film. 

17. The Semiconductor device according to claim 5, 
wherein a Silicon nitride film Stoichiometrically having a 
ratio of Silicon: nitrogen of about 3:4 is present between the 
Silicon oxide film and the Second Silicon film. 

18. The Semiconductor device according to claim 5, 
which is an MOS transistor including an insulator film 
formed between an active layer and a gate electrode, 
wherein the active layer is one of the first silicon film and 
Second Silicon film, the insulator film is the Silicon oxide 
film, and the gate electrode is the other of the first Silicon 
film and the second silicon film. 

19. The semiconductor device according to claim 18, 
wherein the first Silicon film is provided on a glass Substrate. 

20. The Semiconductor device according to claim 5, 
wherein each of the first and second silicon films is made of 
amorphous Silicon or of polycrystalline Silicon. 

21. A Semiconductor device comprising a Silicon oxide 
film between a first silicon film and a second silicon film, the 
first silicon film overlying a substrate, wherein the silicon 
oxide film has a maximum hydrogen concentration of 5x10 
atoms/cm, and wherein each of the first and second silicon 
films is made of amorphous Silicon or of polycrystalline 
Silicon. 

22. The Semiconductor device according to claim 21, 
wherein the Silicon oxide film has nitrogen included therein. 

23. The Semiconductor device according to claim 22, 
wherein nitrogen is included in the Silicon oxide film in a 
maximum amount of at least 2x10' atoms/cm. 

24. A method of manufacturing a Semiconductor device, 
comprising the Steps of: 
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forming a first Silicon film overlying a Substrate; 
forming a Silicon oxide film adjacent the first Silicon film; 
annealing the Silicon oxide film in a nitrogen-containing 

environment, at a temperature of at most 900 C., so as 
to incorporate nitrogen in the Silicon oxide film during 
the annealing, and 

forming a Second Silicon film adjacent the Silicon oxide 
film, after the annealing. 

25. The method according to claim 24, wherein the silicon 
oxide film is formed by depositing a layer of Silicon oxide 
by chemical vapor deposition. 

26. The method according to claim 25, wherein the 
chemical vapor deposition is a low preSSure chemical vapor 
deposition, using SiH and N2O as Source gases. 

27. The method according to claim 25, including the 
further Step of applying a wet oxidation to the Silicon oxide 
film So as to reduce hydrogen concentration in the Silicon 
oxide film. 

28. The method according to claim 24, wherein the 
nitrogen-containing environment is an ammonia environ 
ment, and wherein the method includes the further step of 
applying a wet oxidation to the Silicon oxide film So as to 
reduce hydrogen concentration in the Silicon oxide film. 

29. The method according to claim 28, wherein said 
annealing is performed immediately after forming the Sili 
con oxide film. 

30. The method according to claim 28, wherein the wet 
oxidation is performed after Said annealing and before 
forming the Second Silicon film. 

31. The method according to claim 30, wherein the wet 
oxidation is performed at a temperature in a range of 8000 
to 900 C. 

32. The method according to claim 24, including the 
further Step of applying a wet oxidation to the Silicon oxide 
film So as to reduce hydrogen concentration in the Silicon 
oxide film. 

33. The method according to claim 32, wherein the wet 
oxidation is performed at a temperature in a range of 8000 
to 900 C. 

34. The method according to claim 24, wherein the first 
and Second Silicon films are polycrystalline or amorphous 
Silicon films. 

35. The method according to claim 24, wherein the first 
Silicon film is formed overlying a glass Substrate. 

36. The method according to claim 24, wherein the first 
Silicon film is formed overlying a single-crystal Semicon 
ductor Substrate. 

37. A method of manufacturing a nonvolatile memory 
device having an electrode in a floating State, an insulating 
film and a further electrode, comprising the Steps of: 

forming the electrode in the floating State, overlying the 
Substrate; 

forming the insulating film adjacent Said electrode in the 
floating State, the insulating film being a Silicon oxide 
film formed by chemical vapor deposition; 

annealing Said Silicon oxide film in a nitrogen-containing 
atmosphere to incorporate nitrogen in Said Silicon oxide 
film; and 

forming Said further electrode adjacent Said Silicon oxide 
film, after Said annealing. 
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38. The method according to claim 37, wherein the 
nitrogen-containing atmosphere is an ammonia atmosphere. 

39. The method according to claim 37, further comprising 
the Step of forming a tunnel oxide film between the Substrate 
and the electrode in the floating State, by thermally oxidizing 
Said Substrate prior to forming the electrode in the floating 
State. 

40. The method according to claim 39, wherein said 
Substrate is made of Single-crystal Silicon, and the electrode 
in the floating State is formed on the tunnel oxide film. 

41. The method according to claim 40, wherein the 
electrode in the floating State and the further electrode are 
each made of amorphous or polycrystalline Silicon. 

42. The method according to claim 37, wherein said 
annealing is performed Such that the annealed Silicon oxide 
film has nitrogen included therein in a maximum amount of 
at least 2x10' atoms/cm. 

43. The method according to claim 42, wherein the 
maximum amount of nitrogen included in the annealed 
silicon oxide film is within a range of 2x10' to 2x10' 
atoms/cm. 
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44. The method according to claim 43, including the 
further Step of applying a wet oxidation to the Silicon oxide 
film So as to reduce hydrogen concentration in the Silicon 
oxide film. 

45. The method according to claim 44, wherein the wet 
oxidation is performed So as to reduce the hydrogen con 
centration to a maximum hydrogen concentration of at most 
510 atoms/cm. 

46. Product formed by the method of claim 45. 
47. Product formed by the method of claim 43. 
48. Product formed by the method of claim 27. 
49. Product according to claim 48, wherein the silicon 

oxide film has a maximum hydrogen concentration of at 
most 5° 10' atoms/cm. 

50. Product formed by the method of claim 28. 
51. Product formed by the method of claim 24. 
52. Product according to claim 51, wherein a maximum 

nitrogen concentration in the Silicon oxide film is in a range 
from 2x10' atoms/cm to 2x10 atoms/cm. 

k k k k k 


